To make adsorption dehumidification run on heat supply temperatures as low as 50°C, and allow an effective use of solar thermal collectors, a new system concept is developed. The aim is to achieve a quasi-isothermal adsorption of water vapour in solid desiccant by carrying out the process in a finned-tube heat exchanger. Heat is removed or supplied by a water circuit. Air flows through a silica gel bed, packed between the fins. A key issue in this solution is to optimize the bed porosity, in order to minimize the pressure drop on the air side. The present experimental study adapts the Ergun equation to packed beds between two flat plates, where the ratio of wall distance to spheres diameter is within the scarcely investigated range of 1÷2. Packed bed porosity estimation is achieved by adapting transitional structure theory in thin layers of spheres to the present case, and extending it to multi-diameter spheres packing.
Introduction
Energy demand for summer air-conditioning has been steadily increasing over the past few decades. As a consequence, strong research effort has been put on solar cooling systems, which could help reducing stress on the electric grids. Among others, special attention has been given to solid desiccant systems, as a way to exploit low temperature heat sources.
They are based on physical adsorption of water vapour in microporous materials. The latter present large internal surfaces and strong affinity to humidity. Once the adsorbent is saturated with water, it has to be regenerated. This process takes place putting the material in contact with hot, dry air enabling the endothermic process of vapour transfer to the air flow. In other words, such a technology uses the difference of temperature, and therefore of relative humidity, between process and regeneration air as the driving force to achieve the goal of removing a certain latent load.
Advantages of isothermal adsorption
In a traditional DEC (desiccant and evaporative cooling) system, dehumidification is carried out in rotary exchangers: moist air flows through a portion of a wheel coated with sorbent material, where water vapour sorption takes place. In the regeneration section a hot airstream removes humidity from the micropores, since a new equilibrium is achieved between dry air and the sorbent material. Continuous operation is ensured by rotation.
In the described system, the heat released by the desiccant material during the adsorption process causes an increase in temperature of the rotor and a heat transfer process towards the airflow. As pointed out by Subramanyam et al. [1] , the resulting process can be approximately considered as adiabatic. As shown in figure 1, this strongly affects regeneration temperatures, which are sensibly higher than those required by an ideal isothermal process, where adsorption heat is removed and silica gel temperature remains constant throughout the dehumidification phase.
Indeed, to obtain the same goal (removing 6 g/kg of water vapour) starting from a given set of conditions (point 1 in Fig. 1 ), adsorption heat removal causes a decrease of around 15°C in dehumidified air temperature, compared to the adiabatic process. This allows sensibly higher relative humidity for outlet air, so that the regeneration phase can be performed at higher levels of relative humidity, but keeping the driving force of the cycle -average difference of relative humidity between dehumidification and regeneration phase -at the same value of around 17%. This fact accounts for a significant reduction of air temperature required by the regeneration phase: 51°C, compared to the 70°C when following the adiabatic. The chance to perform regeneration at a 20°C lower temperature is a great opportunity for low level heat exploitation, extending the range of suitable supply sources and increasing the efficiency of collectors in case of solar air-conditioning applications.
In addition, preliminary energy assessments show that the energy consumption is just slightly higher compared to a DEC system, even if the adsorption heat has to be removed at low temperature and can't contribute in pre-heating the reactivation air. 
The new dehumidifier
Several research works [2, 3, 4] have investigated possible technological solutions to implement quasi-isothermal sorption dehumidification processes.
The present study deals with the development of a new dehumidifier. It consists of a finned-tube heat exchanger, wherein quasi-spherical silica gel beads are inserted between the fins. In order to guarantee a continuous dehumidification, a batch operation of two heat exchangers is required. This design results in a solution simpler and cheaper than what currently known. Moreover, the packed bed allows to achieve higher system performances (COP) than a coated heat exchanger [5] , thanks to its higher silica gel/metal mass ratio. Containing more desiccant, the sorption-desorption phase is longer. This reduces the frequency, and therefore the related parasite energy consumption due to the thermal swing of the heat exchangers.
Aims
The drawback of the described solution lies in the high air pressure drop, which leads to a reduction of the superficial velocity and an increase of the heat exchanger frontal area and overall system dimensions.
The reduction of the air pressure drop is the key issue in the adsorption heat exchanger optimization, and the aim of the present work.
The specific objective of this study is to develop an approach for the pressure drop prediction in randomly packed beds of spheres, where the spheres diameter is heterogeneous and the wall effect cannot be neglected. It has to be reliable in a fin distance/particle average diameter range of p/d=1÷2.
The developed model will allow the optimal sizing of the adsorption dehumidifier to minimize size, electrical consumption and costs. 
Nomenclature

Methodology
As far as pressure drop in packed beds is concerned, the reference models framework for engineering applications is represented by semi-empirical correlations, with Ergun [6] equation being the most acknowledged. Indeed, the packed bed random structure of grains, whose size and shape are not uniform, makes analytical or numerical models of the matter hard to formulate.
Unlike most studies available in literature [7, 8, 9, 10, 11] , the investigation field of this work is peculiar because of the low p/d ratios, which make wall effects relevant.
Its influence is twofold: on one hand, boundaries additional surface contributes in generating shear stress. As experimentally verified by Eisfeld and Schnitzlein [7] , such an effect usually prevails in creeping flow regime. On the other hand, walls set a limit to spheres packing, and increase near-wall porosity-this is especially significant in the cases of interest, where most of the packed bed can be considered as a near-wall volume. Porosity highly affects pressure drop, both in laminar and fully developed turbulent flow, as highlighted by the Ergun equation: changing porosity of 10% can lead to up to ±80% variations in predicted p.
Accurate evaluation of this parameter, and a fortiori the assessment of the effect of the p/d ratio on porosity and pressure drop, becomes therefore the core of the present study, and the most effective means to optimize the heat exchanger geometry. An experimental approach was followed, to determine porosity and pressure drop in a superficial velocity range 0.5÷1.2 m/s. Tests were carried out on packed beds made with high-precision polyoxymethylene spheres (in two different diameters, 3 -4 mm), and silica-gel beads, sieved to achieve a known diameter distribution. The p/d ratio has been varied in the range 1÷2.5, for a total amount of nearly fifty different geometries.
Three kind of packed bed have been analyzed: Single-diameter spheres packing. Mixture of spheres of two size -with different share of diameters; Heterogeneous distributions of spheres (two diameters) and silica-gel beads.
A dedicated experimental apparatus, whose scheme is shown in figure 3 , was designed and built for this purpose. The core component reproduces the hollow space between two fins of the dehumidifier: two aluminum slabs, whose temperature can be controlled by a hydraulic circuit, simulate the isothermal fins and can be positioned precisely at the desired distance. Once spheres are inserted in between, the surrounding structure ensures it being airtight.
Inlet air temperature, relative humidity and flow rate can be controlled and monitored by a small scale air handling unit (AHU).
For present study purposes, the flow rate control is the most relevant issue. An accurate regulation in the wide range (10-500 l/min) has been achieved by modifying three parameters: fan rotation speed, venting and control valves opening. To ensure the required accuracy, the flow rate assessment is performed by two turbine flow-meters of different measurement ranges (each one with accuracy of ±0.5%). Static differential pressure across the packed bed is evaluated by a membrane transducer, with ±0.2% accuracy on full scale.
The void fraction of the packed bed is calculated by knowing mass and number of the inserted spheres (for each diameter), on the basis of a gravimetric analysis. Fig. 3 . Experimental set-up: scheme.
Porosity
In thin layers of hard spheres confined by plane walls, various authors have observed transitions in packing structure geometry, triggered by the variation of interspace thickness. Under the hypothesis of hard spheres and high pressure limit, Pansu et al [12] provide a model relating volume fraction to p/d.
Experimental data collected in our study for packed beds of single diameter spheres confirm this trend. An empirical correction factor =1.065 is proposed, though. It accounts for random pouring of spheres, which prevents from reaching the theoretical limit, even after vibrating the bed. In a multi-diameter packing, with n different diameters, the latter is calculated as: (2) Being V i the volume of the spheres with diameter d i . The value of (p/d) av characterizes the multi-diameter packing and can be determined by means of an integral calculation if the statistical distribution of diameters is known.
The equivalent diameter d eq is the corresponding diameter that, keeping fin pitch unvaried, results in the same void fraction in a homogeneous spheres packing.
So the aim is to identify a relation between the value of (p/d) av and the value of p/d eq , which allows to determine the void fraction of the packed bed.
For each multi-diameter packed bed, (p/d) av was directly calculated, while the the p/d eq ratio has been determined by means of the inversion of function (1) The result is a semi-empirical model extending the theory of structural transition to multi-diameter spheres stacks, in the range 1÷1.95 of the ratio bed width-average diameter. Comparison with experimental data, reported in figure 6 , shows 1.32% as the average relative error for single-diameter spheres and 1.15% for two-diameter mix.
The result can be considered remarkable for an ill conditioned problem, where an error of just 0.1 mm in the value of p can lead to up to ±5% relative variations in the calculation of the volume fraction. The model developed has been applied to the most critical cases of heterogeneous packed beds, made of silica gel beads of known diameter distribution together with 3 and 4 mm polyoxymethylene spheres in known proportions.
Tests exhibited relative errors under 5% in the volume fraction prediction. The model therefore seems fit to describe packing in heterogeneous beds of spheres, provided that all the diameters contained in the mix are within the applicability domain of equation (1), meaning that each diameter of the distribution has to comply with p/d 1.95.
With respect to the optimization of the adsorption heat exchanger, the experimental analysis has indicated a range from 1.35 to 1.45 of the p/d ratio, in order to maximize the porosity of packed bed.
Pressure drop
The reference formula for pressure drop in packed beds is the Ergun equation [6] . In its most common form, it gives the pressure drop as a quadratic function of superficial velocity: the linear term represents the viscous component, while the second grade term accounts for turbulence. The expression is fitted to experimental data by coefficients A E =150 and B E =1.75.
(4)
Underlying hypothesis is that of infinitely extended packing (in other words, negligible wall effects). Indeed, a comparison with experimental results shows that sensible errors occur for D/d<40, where D is the bed diameter.
Various authors [7, 8, 9, 10, 11] have been concerned with the issue of wall effect, coming to provide analytical or semi-empirical expressions for A E and B E . Nevertheless, very low bed to particle diameter ratios have received limited attention. Moreover, those equations were developed in cylindrical beds, and their applicability to the narrow space between parallel plates is uncertain. Thus, a new model has been developed.
In present work, Ergun's expression has been taken as a starting point, in its original form prior to experimental data fit: (5) Where and are numeric coefficients, and W the mass flow rate.
As in Ergun's study, experimental data have been collected and plotted in a P/Lu against W/A chart. The linear trend shown in figure 7 confirms the hypothesis of transitional flow regime: both viscous and kinetic effects are relevant. The former are proportional to the intercepts of the linear equations, the latter to their slopes. The aim of the work is finding suitable expressions for int and ang coefficients in equation (6): (6) An important term, accounted by Ergun in the calculation of such coefficients, is the specific surface of the packed bed, which is the area per unit volume of the bed particles. The present study proposes a different expression for this parameter, considering also the bed boundaries (i.e. the fins surface). Indeed, in the investigated p/d range, wall surface represents a fraction of 24% to 59% of the spheres area, and it has to be regarded as an active component in determining friction.
(7)
The parameter p/d has been introduced in the expressions for int and ang coefficients, and a multi-variable optimization has been performed on the exponents of all the parameters in order to maximize linearity of the trend, resulting in equations (8), (9) . Numeric coefficients =1033 and =6.51 are hence the angular coefficients of the resulting linear function, intercepting at 0 the y axis.
The quality of the resulting curves fitting (R 2 =0.8839 and R 2 =0.9186) is shown in figure 8 . The model was finally compared to correlations available in literature, which have had to be adjusted in order to be applicable to the present experimental results. Among the modified versions of Ergun equation the best accuracy is achieved by [7, 10, 11] , having lower bed-to-particle diameter ranges. Anyway, compared to Ergun's equation, such correlations can improve only slightly the accuracy of pressure drop calculation, since they were developed for different bed geometries. As shown in figure 9 , the presented model seems to provide accurate description of experimental data. 
Conclusions
In order to optimize the adsorption heat exchanger of a new dehumidifier for solar air-conditioning applications, an experimental campaign has been realized to assess the porosity of the packed bed of sorption material, and the related air pressure drop.
As a result of the analysis of experimental data, a formula to evaluate porosity in a packed bed of spheres between plane walls is defined. The applicability of the semi-empirical relation is extended to the case of interest through the definition of an equivalent diameter. A new Ergun-derived equation is then proposed for pressure drop calculus.
On the basis of such results, a p/d ratio of 1.35÷1.45 has been identified as the optimal range in designing the heat exchanger of the mentioned dehumidifier. In such a range the packed bed porosity is always higher than 50%, so it is possible to keep pressure drop well below 2000Pa/m with a superficial velocity of 1m/s, and minimize the dehumidifier size. Moreover, with such a design, the heat exchange between fins and air flow turns out to be suitable to the aim of this technological solution. Future developments of the work will include theoretical and numerical investigation of the matter, as well as the realization and testing of a prototype of the adsorption dehumidifier.
